Random mutagenesis has been used to engineer the protease subtilisin E to function in a highly nonnatural environment-high concentrations of a polar organic solvent. Sequential rounds of mutagenesis and screening have yielded a variant (PC3) that hydrolyzes a peptide substrate 256 times more efficiently than wild-type subtiisin in 60% dimethylformamide. PC3 subtilisin E and other variants containing different combinations of amino acid substitutions are effective catalysts for transesterification and peptide synthesis in dimethylformamide and other organic media. Starting with a variant containing four effective amino acid substitutions (D60N, D97G, Q103R, and N218S; where, for example, D60N represents Asp-60 -) Asn), six additional mutations (G131D, E156G, N181S, S182G, S188P, and T255A) were generated during three sequential rounds of mutagenesis and screening. The 10 substitutions are clustered on one face of the enzyme, near the active site and substrate binding pocket, and all are located in loops that connect core secondary structure elements and exhibit considerable sequence variability in subtilisins from different sources. These variable surface loops are effective handles for "tuning" the activity of subtilisin. Seven of the 10 amino acid substitutions in PC3 are found in other natural subtilisins. Great variability is exhibited among naturally occurring sequences that code for similar three-dimensional structures-it is possible to make use of this sequence flexibility to engineer enzymes to exhibit features not previously developed (or required) for function in vivo.
E156G, N181S, S182G, S188P, and T255A) were generated during three sequential rounds of mutagenesis and screening. The 10 substitutions are clustered on one face of the enzyme, near the active site and substrate binding pocket, and all are located in loops that connect core secondary structure elements and exhibit considerable sequence variability in subtilisins from different sources. These variable surface loops are effective handles for "tuning" the activity of subtilisin. Seven of the 10 amino acid substitutions in PC3 are found in other natural subtilisins. Great variability is exhibited among naturally occurring sequences that code for similar three-dimensional structures-it is possible to make use of this sequence flexibility to engineer enzymes to exhibit features not previously developed (or required) for function in vivo.
With exquisite substrate specificities and high reaction selectivities, enzymes offer tremendous advantages for chemical synthesis. Nonetheless, practical applications of enzyme catalysis have been limited, due in large part to relatively poor stabilities and catalytic activities under the conditions that characterize industrial processes: high temperatures, extremes of pH, or nonaqueous solvents. Enzymes evolved for the survival benefit of an organism may not exhibit features essential for in vitro application.
A large body of experience in tailoring enzyme properties by making selected substitutions of the enzyme's amino acid sequence has accumulated. A "rational design" approach involving site-directed mutagenesis is inefficient, however, in the absence of detailed structural information or when the molecular basis for the property of interest is poorly understood. In such cases, random mutagenesis combined with selection or screening can be a useful alternative for generating both the desired improvements and a data base for future rational approaches to protein design. Random mutagenesis has been used to enhance or alter various enzyme features, including thermal stability (1-3), alkaline stability (4) , and substrate specificity (5) , and to recover the catalytic The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
activity of an enzyme damaged by site-directed mutagenesis (6) .
We have used random mutagenesis and screening to identify amino acid substitutions that recover the catalytic activity lost by the serine protease subtilisin E in polar organic solvents. In addition to the obvious advantage of enhancing the solubilities of organic substrates, organic solvents can lead to unusual chemistry when enzyme-catalyzed reactions that are infeasible in an aqueous medium become favored in a nonaqueous one (7) . In organic solvents, serine proteases are promising catalysts for organic synthesis and the preparation of unusual polymers (8) (9) (10) (11) . A triple variant of subtilisin E with enhanced activity in dimethylformamide (DMF) was described in an earlier report (12) . Here we report a variant containing 10 amino acid substitutions that was generated by sequential rounds of random mutagenesis and screening for increased activity in DMF. The nature and locations of these amino acid substitutions should provide useful information for designing enzymes to function in polar organic solvents. Mutagenesis experiments indicate that only a fraction of the amino acid residues in a protein are critical for function, folding, and stability (13, 14) . Furthermore, there is great variability among naturally occurring sequences that code for similar three-dimensional structures. We wish to exploit this sequence flexibility to "tune" enzymes to exhibit features not previously developed (or required) for function in vivo-in this case, catalysis in an unusual environment. With sequential random mutagenesis and screening for the property of interest, effective amino acid substitutions can be accumulated in an approach that partially mimics the natural evolutionary refinement process.
MATERIALS AND METHODS
Site-Directed Mutagenesis. Site-directed mutagenesis was carried out on an 800-bp HindIII/BamHI fragment from plasmid pKWC containing the gene for subtilisin E (12) by a modified PCR technique. For each substitution, an oligonucleotide containing the desired mutation was used as the primer (mismatch primer) to initiate chain extension between the 5' and 3' PCR primers used for random mutagenesis (12) . In the fwrst PCR, the mismatch primer and the 5' primer were used to generate a DNA fragment containing the new base substitution. The 
RESULTS
Sequential Mutagenesis. Subtilisin E (4M) contains four amino acid substitutions that were generated separately by random mutagenesis and subsequently combined in a single variant (Table 1) . To further improve the enzyme's activity in polar organic solvents, 4M was subjected to sequential random mutagenesis and screening. Active subtilisin secreted from the bacterial cells will hydrolyze casein, creating visible halos on agar plates containing 1% casein. The secreted enzyme can be picked up on a nitrocellulose filter and transferred to DMF-containing plates to screen for activity in DMF without damaging the B. subtilis host (12) . Plasmid DNA was isolated from a clone whose enzyme produced a halo larger than those surrounding the wild-type and 4M controls on a 35% DMF/casein plate. At the end of each mutagenesis and screening step, the clone producing the largest halo on DMF/casein plates was isolated and used as the template for the next random mutagenesis reaction. After the third cycle, the enzyme from a single clone, PC3 (D60N + D97G + Q103R + G131D + E156G + N181S + S182G + S188P + N218S + T255A), produced a considerably larger halo on casein plates containing 35% DMF and also exhibited greater activity toward hydrolysis of sAAPF-pna in 40% DMF when compared to 4M. In all, =4000 colonies were screened.
The PCR random mutagenesis technique generates DNA base substitutions distributed throughout the targeted region of the subtilisin gene (data not shown). Of 16 base substitutions generated during the three sequential mutagenesis cycles, 6 resulted in amino acid replacements: G131D, E1S6G, N181S, S182G, S188P, and T255A. Since the PCR conditions have been modified by introducing dGTP and dATP at a 10/1 ratio, most of the base substitutions are transitions, A to G or T to C (due to the base substitutions occurring on the complementary strand). Further modifications in the PCR conditions to generate both transition and transversion mutations would significantly increase the frequency and range of possible amino acid substitutions.
Subtilisin Variants Exhibiting Improved Catalytic Activity in DMF. Kinetic parameters for the purified subtilisin E variants are reported in Table 1 substitutions N181S and T255A improve the catalytic efficiency of subtilisin E to the same extent in the absence of DMF as they do in the presence of DMF, and their effect is primarily through a decrease in Km. Mutations E156G, S182G, and S188P all decrease Km as well. The variants containing these last three single amino acid substitutions, however, exhibit catalytic efficiencies that are essentially the same as wild type in both 0% and 20% DMF because of concomitant decreases in kcat. Although E156G, S182G, and S188P by themselves do not enhance activity in the presence of 20% organic solvent, they may be beneficial at higher DMF concentrations. The effects of these mutations in higher concentrations of DMF are difficult to measure, however, because the activities ofthe single variants are still quite low. Since all three of these substitutions were generated along with N181S in the first mutagenesis and screening cycle, it is also possible that they do not directly affect the catalytic activity of the PC3 enzyme. An alternative explanation for their appearance during the screening process is that all three of these mutations are slightly stabilizing (see below).
Enzyme Stability in the Presence of DMF. The kinetics of irreversible deactivation, important for biocatalysis applications, also reflect the thermodynamic stability of subtilisin (16) . Residual activities were measured after incubating wildtype, 3M, and PC3 subtilisin E in 70o DMF for up to 460 h. The kinetic stability of PC3 is similar to that of wild-type subtilisin E (43% ofthe activity of PC3 remains after 460 h vs. 49% for wild type), while 3M is slightly more stable (63% activity after 460 h). The screening process has identified a set of mutations that enhance the enzyme's catalytic activity in the presence of DMF without compromising its stability.
The effects on stability of the 10 individual amino acid substitutions in PC3 vary, as indicated in Table 2 . Of the 6 amino acid substitutions accumulated during the sequential random mutagenesis of 4M, 3 (E156G, S182G, and S188P) stabilize subtilisin E, the largest effect being an increase in the half-life by more than a factor of 2. Although T255A is relatively destabilizing, this effect appears to be canceled out in PC3 by the stabilizing substitutions.
Peptide Synthesis. 3M, PC3, and wild-type subtilisin E were used to catalyze the kinetically controlled synthesis of poly(L-methionine) from L-methionine methyl ester. Approximately 15 mg of polymer was produced by 3M and PC3 in 70% DMF, conditions in which no detectable polymer was synthesized by the wild-type enzyme. A unique free methionine peak appeared in the amino acid analysis ofhydrolyzed polymer produced by the 3M variant, while no free methionine was detected in an unhydrolyzed sample. The degree of polymerization (DP) was determined by mass spectrometry to be -36 (Mr = 4700). In 60% DMF, wild-type subtilisin E can catalyze the polymerization of L-methionine methyl ester to form =15 mg of a polymer of Mr 1000-1500 (DP, 10).
DISCUSSION
Random Mutagenesis. There is no guarantee that mutations generated in separate experiments will exhibit cumulative benefits when combined, especially as the accumulating substitutions begin to interact. Therefore, effective mutations were accumulated in sequential cycles of random mutagenesis and screening. With a sequential approach, mutations must contribute positively, in conjunction with the other substitutions already present, in order to appear during screening. A limitation of this sequential engineering approach is that, upon choosing the template for the subsequent cycle of mutagenesis and screening, a single evolutionary pathway or branch is followed. It is possible that the chosen pathway leads prematurely to a dead end, where no further improvements can be made.
Sequential random mutagenesis is operationally efficient because sequencing and detailed characterization of the enzyme variants after each mutagenesis and screening stage are not necessary. A further important advantage is that the screening can take place under progressively harsher conditions. Even though the ultimate goal of this random mutagenesis exercise was to produce a subtilisin active in very high concentrations of polar organic solvents, the activity of the wild-type enzyme is simply too low to allow for rapid and efficient screening in DMF concentrations higher thar, 20-30%. Four effective amino acid substitutions (4M variant) allowed the use of 35% DMF in the casein screening plates compared to 27% used to identify single mutations in the wild-type enzyme (12) . And, while the effects of single mutations on hydrolysis of the specific peptide substrates could be conveniently assayed in only 20%o DMF, the concentration could be increased all the way to 60% for rapid assays of PC3. A further 10-fold improvement in activity would allow screening to be carried out in 80% DMF, and it is not inconceivable that screening could eventually be carried out in 100% DMF. Effective Mutations Are Located in the Variable Loops Around the Active Site, and Most Are Found in Other Natural Subtilisins. All the amino acid substitutions found to influence catalytic activity in DMF are located at the surface of the protein and are clustered in a region that encompasses the active site and substrate binding pocket (Fig. 2) . D60N, D97G, and E156G are very close to the amino acid residues critical to catalysis, while D97G, Q103R, E156G, and N218S are located in or very close to the substrate binding pocket.
Siezen and coworkers (17) have compared the amino acid sequences of >40 subtilisins from different sources. These sequences show a conserved core three-dimensional structure with insertions and deletions that are preferentially confined to surface loops. As shown schematically in Fig. 3 , the a-helix and (-sheet structures are relatively conserved in their sequences, while the sequences ofthe peptide loops that connect the core secondary structures are very often variable. Of the 10 amino acid substitutions in PC3 subtilisin E, not one is found in the conserved core a-helix or ,3-sheet structures; they are all located in the loops that interconnect the core secondary structures. All the affected loops lie on one face of the enzyme, surrounding the active site.
FIG. 2.
Subtilisin structure showing bound substrate sAAPF-pna and locations of 10 amino acid substitutions in PC3 subtilisin E (structure is that of subtilisin BPN').
Although base substitutions are randomly distributed throughout the targeted subtilisin gene sequence, those that lead to amino acid substitutions that are effective in enhancing catalytic activity have been limited to specific regions of the enzyme. The variable surface loops near the substrate pocket and active site appear to be effective handles for tuning the activity of subtilisin. This information can be used to develop more rational mutagenesis strategies. For example, one could direct more intensive mutagenesis to a much smaller set of amino acid residues located in these surface loop segments.
Seven of the 10 amino acid substitutions in PC3 subtilisin E are found in at least 3 other members of the subtilisin family. The remaining three (Q103R, S182G, and T255A) are not found in the 36 subtilisins whose sequences have been compared (17) . The destabilizing influence of Ala-255 ( of catalytic efficiency, such that kcat/Km drops by 4 orders of magnitude in 85% DMF (Fig. 1) . A significant portion of this loss is recovered in the PC3 variant, whose activity in 85% DMF is only 69 times less than the wild type in water. The kcat of PC3 actually increases in 20% DMF, and its Km is much less sensitive to the organic solvent (7- (7) . Subtilisin can also acylate sugars (18) and steroids (8) regioselectively and will catalyze peptide synthesis either by direct reversal of the hydrolytic process or by aminolysis of N-protected amino acid or peptide esters (19) .
The subtilisin variants obtained by screening for enhanced amidase activity in the presence of DMF are also more active than wild-type subtilisin E in the hydrolysis of amino acid esters in the presence of organic solvents (data not shown). The 3M variant has been used in transesterification ofN-acetyl-L-phenylalanine methyl ester in three organic solvents containing very little water (20) . 3M subtilisin E is considerably more efficient than wild type in all three solvents: a 43-fold enhancement in catalytic efficiency was observed in anhydrous hexane and in hexane containing a small amount of water. The improvement is 10-fold in acetonitrile (0.1% water). The experiments reported here show that PC3 and 3M subtilisin E can catalyze the synthesis of poly(L-methionine) under conditions in which the wild-type enzyme has no measurable peptide synthesis activity (70% DMF). 3M forms a longer polymer (DP, -36) in 70% DMF than can be formed in lower solvent concentrations (DP, =10 in 60% DMF), and the reaction proceeds much more quickly than the corresponding reaction with the wild-type enzyme. Thus, these engineered subtilisin variants offer several advantages: (i) the concentration of enzyme needed to perform a given reaction can be greatly reduced, (ii) the reaction can be completed more quickly, and (iii) because the engineered enzymes can tolerate solvent environments that inactivate the wild-type enzyme, new products can be obtained.
CONCLUSIONS
A significant fraction ofthe catalytic activity lost by subtilisin E in the presence of DMF has been recovered by accumulating 10 effective mutations in surface loops surrounding the active site and substrate binding pocket. The resulting PC3 subtilisin is almost as efficient in 60% DMF as the wild-type enzyme is in water; PC3 also exhibits unique synthetic capabilities. This result was achieved despite the fact that the PCR mutagenesis technique can access only a limited subset ofall possible amino acid substitutions. Initial solutions to the problem of low subtilisin activity in DMF were not rare: between 6 and 9 effective substitutions were found by screening only a few thousand colonies. There is clearly considerable potential for engineering enzymes to function in unusual environments.
